I The effects of noradrenaline (NA) were studied on vascular smooth muscle cells isolated from rat portal vein. 2 Two types of single-Ca2+ channel currents with conductances of 17pS and 8pS were obtained in cell-attached configuration. Bath application of NA increased the open probability of both channels during depolarizing pulses without a change of background membrane conductance. However, NA did not open Ca2 + channels when the membrane patch potential was held at -50mV, which is about the resting potential in physiological conditions. 3 In the whole-cell configuration, studies of voltage-dependent Ca2+ channel currents showed that the peak conductance curve was not shifted to more negative potentials by NA.
Introduction
Noradrenaline (NA) has powerful effects on the mechanical and electrical activity of vascular smooth muscle cells (Bolton, 1979; Bulbring & Tomita, 1987) . In portal vein smooth muscle, stimulation of a1-adrenoceptors produces contraction that involves release of Ca2+ from intracellular stores and Ca2 + influx through voltage-dependent Ca2 + channels (Mironneau & Gargouil, 1979; Dacquet et al., 1987) . The NAinduced contraction is associated with a depolarization and an increase in membrane conductance (Takata, 1980; Nanjo, 1984) . Recent results obtained from single venous smooth muscle cells indicated that the NA-induced depolarization is mainly mediated by an increase in chloride conductance (Byrne & Large, 1988a; Van Helden, 1988; Pacaud et al., 1989) . However, an increase in a non-specific cation channel (Byrne & Large, 1988b ) and a decrease in potassium conductance (Suzuki, 1981) could also be involved.
In addition, NA enhances the amplitude of the Ca2 + channel current of vascular smooth muscle cells (Benham & Tsien, 1988; Pacaud et al., 1989) . We have recently shown the involvement of a G-protein regulating the phospholipase C activity in the electrophysiological effects of NA in portal vein smooth muscle cells (Loirand et al., 1990) . D-myo-Inositol 1,4, 5-trisphosphate (InsP3) may be responsible for Ca2+ release and subsequent activation of Ca2 +-activated Cl-current, while diacylglycerol may be responsible for the stimulation of the Ca2 + channel current, probably through activation of protein kinase C (Loirand et al., 1990) .
The present work was undertaken to determine whether NA acted by producing a shift to more negative voltages of the activation curve for Ca2+ channels so that the open state probability was greater at any given membrane potential and that depolarization would not be necessary to cause a substantial increase in Ca2 + entry through voltage-dependent channels. The alternative hypothesis is that NA induced only an increase in the open state probability without change in the voltage-dependence of the Ca2+ channels so that depolarization would be required to activate Ca2 + channels. It will be shown that NA activates an inward current which drives the membrane potential into the activation range of voltagedependent Ca2 + channels as has already been suggested (Byrne & Large, 1988a) , and that the contraction to NA was not brought about by direct activation of Ca2+ channels as was proposed by Nelson et al. (1988 Nelson et al. ( , 1990 ).
Methods
Single cell isolation and short term primary culture Wistar rats (150 g) were stunned and then killed by cervical dislocation. Portal veins were dissected free of connective tissue and single cells were obtained by a dispersal procedure similar to that described previously (Loirand et al., 1986) . The cells were plated on collagen-coated cover-slips in medium M199 (Flow Laboratories) containing 10% foetal bovine serum, 2mm glutamine, 20uml-1 penicillin and 20pgml-1 streptomycin (Gibco) and kept in an incubator gassed with 95% 02, 5% CO2 at 370C. The cells were used between 2 h and 20 h after isolation.
Contraction measurements
Contractions of portal vein longitudinal strips were measured with an isometric force transducer (Akers 801) as previously described (Dacquet et al., 1987 (Hamill et al., 1981) . Whole-cell Cl-currents were recorded in response to 10-5M NA applied from a glass pipette with a pressure ejector. The cells were bathed in the reference solution and the basic pipette solution contained (mM): CsCl 130, HEPES 10, pH 7.3 with NaOH. For the measurements of whole-cell Ca2+ channel current, the bath solution contained (mM): BaCl2 90, glucose 10, HEPES 10, pH 7.4 at 30'C and the pipette was filled with a solution containing (mM): CsCl 130, HEPES 10, EGTA 5, pH 7.3 with NaOH. Single Ca2 + channel currents were measured in the cellattached patch configuration. The patch pipette solution was (mM): BaCl2 90, glucose 10, HEPES 10, pH 7.4. Under these experimental conditions, unitary Cl-current could not be recorded since they could not be activated by Ba2 +. The unitary currents were filtered at 0.6kHz, digitized at 10kHz, stored and analysed with a Plessey 6200 computer. Capacitive and leakage currents were digitally subtracted using the average currents of blank sweeps. Records were displayed on an X-Y plotter (Hewlett-Packard 7470A).
Chemicals used were: noradrenaline and heparin (Sigma); anthracene-9-carboxylic acid (9-AC) and caffeine (Merck); Bay K 8644 (methyl 1,4-dihydro-2,6-dimethyl-3-nitro-4-(2-trifluoromethylphenyl)-pyridine-5-carboxylate, Bayer); isradipine (Sandoz); ryanodine (Calbiochem) .
The (Almers & Neher, 1985) intracellular calibration was made. Rmin, Rmax and KD(FJFS) were determined as described by Benham (1989) and Pacaud & Bolton (1991 (Benham et al., 1987; Fox et al., 1987) . The potential corresponding to half-activation, determined from the mean peak conductance curve obtained for the Ca2 + channel current recorded in the reference solution (Figure 4 ) was -5.7 + 0.3 mV (n = 3), a value 21 mV more negative than that obtained in 90mM Ba2+. The foot of the activation curve was -50 mV, a value that corresponds to the resting potential of portal vein cells (Nanjo, 1984; Yamamoto & Hotta, 1985) . Taken together, these results suggest that NA could not induce a significant Ca2+ influx through voltage-dependent Ca2 channels if the membrane potential was maintained at -50 mV. Changes in intracellular Ca2 + concentration induced by NA were estimated using the emission from the dye Indo-1 to verify this hypothesis.
In control conditions (Figure 5a) (Hill et al., 1987; Ghosh et al., 1988) and to inhibit Ca2+ release via these receptors in smooth muscle cells (Komori & Bolton, 1990; Pacaud & Bolton, 1991 at which values the open-state probability of Ca2+ channels is high. The role of both Ca2 + channel activation and membrane depolarization evoked by Clcurrent in NA-induced contractions is illustrated by the effects of isradipine (a dihydropyridine derivative), 9-AC and ryanodine. Isradipine (0.5.pM) completely blocked voltage-dependent Ca2+ channels in venous muscle ). In contrast, 9-AC (5mM) completely inhibited Ca2'-activated Clcurrent but had no significant effects on Ca2 + channel current amplitude (Boton et al., 1989; Baron et al., 1991) . Figure 6 shows that inhibition of Ca2+ channels by 0.5 lM isradipine (Figure 6a) or inhibition of Ca2'-activated Cl-channels by 5 mM 9-AC (Figure 6b(i) ) led to a similar blockade of the NAinduced contraction: 57.1 + 9% (n = 5) and 55 + 7% (n = 4) respectively. The NA-induced contraction which is resistant to both 9-AC and isradipine is likely to be due to activation of agonist-sensitive intracellular Ca2+ stores since its amplitude is similar to that of NA-induced contraction obtained in Ca2+-free solutions (Dacquet et al., 1987) . The contraction induced by 60mm KCl was not significantly inhibited in the presence of 9-AC (5.3 + 3.1%, n = 4, Figure 6b (ii)).
Ryanodine is known to deplete Ca2 + stores in smooth muscle cells (Rousseau et al., 1987; Sakai et al., 1988) . In the presence of 10puM ryanodine in the reference solution, the contractile response to 10pM NA was completely suppressed (Figure 6c(i) ). This effect seems to be specifically due to the depleting action of ryanodine since the caffeine-induced contraction was also completely inhibited whereas the contractile response induced by 130mm KCI was only reduced by 9.0 + 3.7% (n = 4; Figure 6c (ii)).
Discussion
The single channel data provide further insight into the cellular effects of NA. The fact that NA acts on Ca2+ channels after application to the bath in cell-attached mode agrees with the existence of an intracellular coupling mechanism between a1-adrenoceptors and Ca2" channels (G-protein, phospholipase C, protein kinase C; Loirand et al., 1990) . The stimulatory effect of NA on Ca2+ channels is brought about by two mechanisms. The first is through a decrease in the percentage of nulls; this means that the probability of the channel being in a closed state decreases. The second mechanism is an increase in open-state probability of the available channel. This effect is similar to that observed after 8-adrenoceptor stimulation of neonatal rat cardiocytes (Tsien et al., 1986) , thrombin application on frog ventricular cells (Markwardt et al., 1990) , stimulation of mesenteric artery cells by NA (Nelson et al., 1988) and action of endothelin on guinea-pig portal vein cells (Inoue et al., 1990) .
One mechanism by which NA increases the Ca2+ channel current could be a simple leftward shift of the steady-state activation curve. Our results do not provide any support for such a mechanism; NA cannot induce a significant Ca2+ influx through Ca2+ channels at a holding potential corresponding to the foot of the activation curve for Ca2+ channels and to the resting potential of portal vein cells (-50 Blockade of Ca2 -activated Cl-channels led to an inhibition of the NA-induced contraction similar to that produced by Ca2+ antagonists, suggesting that inhibition of Cl-channels prevented the involvement of voltage-dependent Ca2+ channels during NA application. Experiments done with heparin and ryanodine also indicate that when Ca2+ release from intracellular store could not occur, NA was not able to induce Ca2+ influx through voltage-dependent Ca2+ channels. On portal vein smooth muscle cells, the NA-induced Ca2+ release is responsible for Ca2'-dependent Cl-channel activation triggering membrane depolarization . These results suggest that the depolarization produced by activation of Ca2 +-activated Cl-channels is a prerequisite to opening of voltage-dependent Ca2 + channels in response to NA in portal vein cells. In addition, NA increased the openstate probability of both types of Ca2+ channels leading to an increased Ca2 + influx. For the large conductance Ca2 + channel corresponding to the slow calcium current (L-type), the change in the open-state probability was induced by NA through a protein kinase C-dependent pathway (Loirand et al., 1990) . For the small conductance Ca2+ channel, the intracellular mechanism involved in the increase in the open-state probability induced by NA, is not known and may use the same or a different pathway. However, the NA effect on the small conductance Ca2+ channel seems to be less sustained than on the large conductance Ca2+ channel, suggesting that the intracellular mechanisms involved may differ for the two channels. Thus, the sequence of events induced by NA could be summarized as follows: (i) NA releases intracellular Ca2+ stores through InsP3 production; (ii) the Ca2+ released opens Cl-channels producing inward current and membrane depolarization; (iii) this depolarization produces Ca2+ entry through voltage-dependent Ca2 + channels and their open probability is enhanced by NA.
It is possible that this mechanism of a required depolarization might represent a common mechanism involved in many agonist-mediated contractions of smooth muscle. However, the nature of the channels responsible for the depolarization could differ from one tissue to another. In vascular smooth muscle, Ca2 +-activated Cl -channels seem to play the major role: in the portal vein in response to NA (Byrne & Large, 1988b; Pacaud et al., 1989) , in the mesenteric vein in response to NA (Van Helden, 1988) , in the coronary and mesenteric arteries in response to endothelin (Klockner & Isenberg, 1991) ; whereas in visceral smooth muscle, Ca2 +-activated cation channels seem to be more important: in the ileum in response to acetylcholine (Inoue & Isenberg, 1990a, b) and in the jejunum in response to acetylcholine (Pacaud & Bolton, 1991) .
Thus, Ca2 + store release probably has an important role in determining indirectly the final size of the contractile response to receptor activation by influencing strongly the size of the depolarization which occurs; this in turn will determine the extent of Ca2 + channel activation which is produced by the receptor agonist.
